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1 Introduction 



In the minimal supersymmetric extensions of the Standard Model (MSSM) [0], it is usually 
assumed that -R-parity, Rp = (^— i)3'B+l+2S'^ jg conserved 0]. Here B denotes the baryon number, 
L the lepton number and S the spin of a field. The conservation of i?-parity is not required 
theoretically and models in which i?-parity is violated can be constructed which are compatible 
with existing experimental constraints. 

The i?-parity violating terms of the superpotential include a lepton violating contribution 
XijkLiLjEk, where Lj(j) are the lepton doublet superfields, is the lepton singlet superfield, 
and Xijk is the Yukawa coupling corresponding to a particular choice of generational indices 
i,j,k. A nonzero value for Xijk implies that the lightest supersymmetric particle (LSP) is not 
stable and that sparticles could be produced singly. In particular, single sneutrino production 
would be possible in e+e~ collisions via the — * Uji^ subprocess. For this process, the 
kinematic reach is typically twice that of pair production. As the production cross section 
depends on the value of the Yukawa coupling, an observation of supersymmetry in this channel 
would allow the Yukawa coupling to be directly measured. 

In this paper, the results of searches for single sneutrino production via the — ^ ujik 
subprocess in the data recorded by the ALEPH detector at LEP are reported, under the 
assumption of a single dominant A coupling and degenerate sneutrino masses. The paper is 
organised as follows. In Section 2, the production and decay of single sneutrinos are discussed. 
In Section 3, the ALEPH detector is briefly described. The details of the data used, the 
simulation of the signal and the various Standard Model backgrounds are given in Section 4. 
In Section 5, the selections for the various final states are discussed. Finally, the results are 
given and the corresponding limits on the A couplings are presented in Section 6. 

2 Single Sneutrino Production and Decay 

The tree-level Feynman diagrams for the production of a single sneutrino, via the e7 ujik 
subprocess, in e^e~ interactions are shown in Fig. |l]. As indicated in Fig. |^, the sneutrino 
can decay directly, i> — > e£ or, if the neutralino mass is lower than that of the sneutrino, 
indirectly via the lightest neutralino, u — > ux- The possibility of indirect decays via higher 
mass neutralinos or charginos is not considered in this paper. For small A couplings, the 
indirect decays normally dominate over the direct decay, if accessible. The situation is reversed 
for large A couplings or small mass differences between the sneutrino and the neutralino. These 
two extreme configurations are addressed in turn in the following. 

The production cross section [^] depends on the assumed value of A, the mass of the 
sneutrino, the mass of the lepton produced in association with the sneutrino and the centre-of- 
mass energy. Figure ^ shows the cross section for e+e~ — *• e/xz/ as a function of the sneutrino 
mass, for two different centre-of-mass energies, and assuming Ai22(i32) = 0.03. The cross section 
for e"'"e~ eru is about a factor two lower. In the calculation of the cross section, it is assumed 
that the deflection angle of the beam electron is less than 30 mrad, implying that the electron 
remains in the beam pipe and is not observed in the detector. 
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Figure 2: i?-parity violating sneutrino decays: (left) direct decay, (right) indirect decay via a neutralino. The LLE 
i?-parity violating vertex is indicated by the black dot. 

With this production process a sneutrino can be produced via seven of the nine possible 
A couphngs. Throughout this analysis, only one nonzero A coupling is assumed, thus the 
sneutrino is also assumed to decay via the same coupling. A summary of the possible final 
states corresponding to the seven accessible couplings is shown in Table ^ All the direct and 
indirect decays, except those for the 121 and 131 couplings, are addressed in the following. For 
these two couplings the ALEPH search for resonant sneutrino production already provides 
stringent limits, which cannot be improved upon with the current analysis. For the decay of 
the neutralino, it is assumed that the sneutrinos are degenerate in mass, leading to two possible 
decays of equal probability. 



3 The ALEPH Detector 

The ALEPH detector is described in detail in Ref. [0. An account of the performance of the 
detector and a description of the standard analysis algorithms can be found in Ref. [Q. Here, 
only a brief description of the detector components and the algorithms relevant for this analysis 
is given. 
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Figure 3: The cross section for single sneutrino production, assuming Ai22{i32)= 0.03, as a function of the sneutrino 
mass. The full curve is the cross section at a centre-of-mass energy of 189 GeV and the dashed curve is the cross section 
at a centre-of-mass energy of 208 GeV. 

Table 1: The final states produced by the different sneutrino flavours for the various couplings for the direct decays 
and the indirect decays to the lightest neutralino. The last two leptons listed in the final state are the decay products 
of the sneutrino. The non detected beam electron is not included in the final state. The charge conjugate reaction, in 
which the beam positron radiates the photon, is also possible but not indicated. The entries marked with a dash are 
those for which the sneutrino flavour caimot be produced by the coupling in question. 
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Indirect Decays 














X Decay 


121 


/i~*"e+/i~ 


e"'"e"'"e~ 










X — > i^^e"'"e~ or z/ge^/i^ 


131 


r+e+r^ 




e"'"e+e~ 








X — > i/T-e"'"e~ or z/ge^r^ 


122 




/i+e+/i^ 










X i^f.e'^fi'^ or Ucfi'^fi' 


132 






/i^e^/i~ 








X z^re^/U^ or z/e/x^r^ 


123 




r+e+r^ 










X — > u^e^T^ or z/c/i^r"^ 


133 






r+e^r^ 






T+VrX 


X — ^ UT-e^T^ or UqT^t^ 


231 




r+e^r^ 










X Vr^^ix"^ or z/^e^r^ 



The trajectories of charged particles are measured with a silicon vertex detector, a 
cylindrical drift chamber, and a large time projection chamber (TPC). The central detectors 
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Table 2: integrated luminosity for all data collected by ALEPH in 1998-2001. 





189 GeV 


192 GeV 


196 GeV 


200-202 GeV 


203-209 GeV 


Luminosity 


174.2 pb"' 


28.9 pb"' 


78.8 pb"' 


128.2 pb"' 


227.0 pb"' 



are immersed in a 1.5 T axial magnetic field provided by a superconducting solenoidal coil. 
The electromagnetic calorimeter (ECAL), placed between the TPC and the coil, is a highly 
segmented sampling calorimeter which is used to identify electrons and photons and to measure 
their energies. The luminosity monitors extend the calorimetric coverage down to 34mrad 
from the beam axis. The hadron calorimeter (HCAL) consists of the iron return yoke of the 
magnet instrumented with streamer tubes. It provides a measurement of hadronic energy and, 
together with the external muon chambers, muon identification. The calorimetric and tracking 
information are combined in an energy flow algorithm which provides a list of charged and 
neutral objects. It also gives a measure of the total visible energy, and therefore the missing 
energy. 

Electron identification is primarily based upon the matching between the measured 
momentum of the charged track and the energy deposited in the ECAL. Additional information 
from the shower profile in the ECAL is also used. To take into account energy loss due to 
bremsstrahlung and/or final state radiation photons, the sum of the ECAL energy deposits 
within a 5° cone centred on the impact point of an isolated electron is added to the energy 
determined by the tracking, if the additional energy is greater than 300 MeV. 

Muons are separated from hadrons by their characteristic pattern in the HCAL and the 
presence of associated hits in the muon chambers. A correction for final state radiation photons, 
similar to that used for the electrons, is also applied. In this case, the additional ECAL energy 
is only used if greater than 2 GeV. 



4 Data and Monte Carlo Samples 

This analysis was performed using data collected with the ALEPH detector during 1998-2001. 
It corresponds to an integrated luminosity of 637.1 pb~^ at centre-of-mass energies from 189 up 
to 209 GeV (Table 0). 

The signal was simulated with SUSYGEN 0, modified to include single sneutrino 



production. Final state radiation was implemented using PHOTOS ||IU[ and tau decays via 



TAUOLA ||TT|. The events were passed through the full simulation chain of the ALEPH detector 
and the reconstruction program applied to the data. 

Monte Carlo samples simulating all relevant Standard Model processes were used, 
corresponding to at least 100 times the collected luminosity in the data, except for the process 
77 — >■ leptons where 10 million events were generated, corresponding to more than six times 
the collected luminosity in the data. Events from e"'"e~ — >■ qq at 189 GeV and four-fermion 



events from Wez/, ZZ and Zee were produced with PYTHIA |12|. The process e+c qq 



above 189 GeV was produced with KORALZ |r3|. Pairs of W bosons were generated with 
KORALW [|l^]. Pair production of leptons was simulated with BHWIDE (electrons) and 
KORALZ [|13| (muons and taus), and the two-photon processes with PHOT02 |jl6|. 
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5 Event Selections 



The signal is characterised by a charged lepton, the decay products of the sneutrino and missing 
energy from an electron lost in the beam pipe. The flavours of the three final state leptons 
depend on the coupling involved. In the case of indirect decays and decays involving taus, there 
can be significant additional missing momentum, of no particular preferred direction, due to 
the presence of neutrinos in the final state. 

A number of selections were developed to select the final states listed in Table from the 
Standard Model backgrounds. As sneutrinos with masses less than 82GeV/c^ for a A > 10~^ 
are already excluded by the pair production search , the selections were optimised to give the 
minimum expected 95% CL. excluded cross section [|l^ for sneutrino masses above 80 GeV/c^. 
For the indirect decays, mass differences between the sneutrino and neutralino less than 
5GeV/c^ were not considered. Neutralino masses less than 20GeV/c^ were not considered 
either as they are already excluded |T^. 

A preselection requiring low charged multiplicity (A^'ch < 6), at least one identified electron 
or muon (A^^e + A"^ > 0), and only a small amount of energy within a 12° cone around the beam 
axis {Ei2 < 20 GeV), allows most of the hadronic and semileptonic backgrounds to be rejected. 
The remaining backgrounds are low multiplicity leptonic events. 

The acoplanarity angle between jets (acopJet), obtained by forcing the event to form two 
jets using the Durham algorithm [|^, is a powerful tool to reject many of the backgrounds. The 
Zee and ZZ backgrounds are reduced using an anti-Z mass cut. Various requirements on the 
angles between the leptons and their angle with respect to the beam axis are also applied. In 
some cases, sliding cuts are adopted which depend upon the assumed sneutrino mass. 

For the direct decays to electron and muon (A 122, A 132 and A231), the invariant mass of the 
sneutrino can be reconstructed, unlike for the indirect decays and direct decays with a tau in 
the final state. For these decays, requirements on the fraction of visible energy (-Evis/ V^) , the 
direction of the missing momentum (6'miss) and the amount of missing transverse momentum 
(Pt) are applied. 

The various selections are outlined below and summarized in the Tables of the Appendix. 



5.1 Direct Decay via A122 or A132 

The direct sneutrino decays via A122 and A132 differ only in the flavour of the intermediate 
sneutrino produced. The decay products from the sneutrino (e"'"/i~) and the complete final 
state (e+/i~/i+) are identical for both couplings. 

The complete set of selection cuts is listed in Table Al. The selection requires one and only 
one identified electron in the event (Ag), and that the angle of this electron with respect to 
the beam axis be large. In addition, it is required that the visible energy fraction be significant 
and that the total transverse momentum of the event be small. 

As in about 20% of the cases a second lepton (in addition to the beam electron) is outside the 
tracking acceptance, the selection treats the case of two or three charged particles separately. 
For the two track case, it is required that the other track be an identified muon of opposite 
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charge to the electron and that the electron and muon be not back-to-back (Ocfi)- For the three 
track case, at least one muon has to be identified. In addition, the muon and the non-electron 
track must not be back-to-back (^^^t), and the invariant mass M^t of these two tracks must 
be inconsistent with the Z mass. Figure ^ shows the Z —>■ mass peak obtained in data 

compared with Monte Carlo expectations, after applying the preselection. 

The efficiency of the complete selection increases from 25% for a sneutrino mass of 60 GeV/ 
to 55% for a sneutrino mass of 180 GeV/c^. Summing over all centre-of-mass energies a total of 
38 events is observed in the data while 46.7 are expected from Standard Model backgrounds. 
Figure ^ shows the e"^/i~ mass distribution of the selected events. As indicated in the figure, a 
signal would produce a peak centred around the mass of the sneutrino. For the extraction of 
the A exclusions , events are counted within a mass window of variable width which is scanned 
across this e+/i" mass distribution. 

5.2 Direct Decay via A123 or A133 

The direct sneutrino decays via A 123 and A 133 differ only in the flavour of the intermediate 
sneutrino produced. The decay products from the sneutrino (e"'"r~) and the complete flnal 
state (e'^r^r+) are identical for both couplings. 

The complete set of selection cuts is listed in Table A2. For the two tau's, the 1/1 and 
1/3 prong decays are considered, leading to a flnal state with three or five charged particles. 
The tau decays into electrons and muons are considered in the requirements on the numbers of 
electrons and muons in the event. As the events contain neutrinos from the tau decays, a large 
transverse momentum and significant missing energy are required . The missing momentum is 
also required not to be in the direction of the beam axis. 

The most energetic electron in the event, usually produced directly from the sneutrino decay, 
is required to have an energy -Egmax greater than 20 GeV and the direction of this electron ^emax 
is required to be away from the beam axis. 

The assignment of the charged and neutral objects to the two taus is performed by removing 
the most energetic electron from the event. Requirements are made that the tau "jets" have 
opposite charge and be not back-to-back (6'rir2)- Additional requirements on the transverse 
momentum of the most energetic tau jet (-PT(maxEjct)) and the angle between the most energetic 
electron and the same sign tau jet (6'emax±/T±) are also applied. 

After all selection criteria, the efficiency for the signal rises from 15% for a sneutrino mass 
of 60GeV/c^ to 35% for a 160GeV/c^ sneutrino. A total of 13 events is selected in the data, 
consistent with the 17.1 events expected from the Standard Model backgrounds. Due to the 
presence of neutrinos in its decay, the mass of the sneutrino cannot be directly reconstructed 
from the decay products. Nevertheless, the energy of the most energetic electron and the angle 
between this electron and the opposite-sign tau (6'emax±/TT) are sensitive to the sneutrino mass. 
These variables are therefore used to establish sliding cuts for extraction of the A exclusions. 
Figure ^ shows the distribution of 6'emax± /tt in the data, after the preselection, compared to 
Monte Carlo expectations. 
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5.3 Direct Decay via A231 



The direct decay via the A231 couphng can proceed via two different ffavours of sneutrino. The 
production of a i)r leads to a final state with two muons and an electron. The decay via a 
i)^ leads to a final state with two taus and an electron. Due to the mass of the tau produced 
in association with the z/^, this channel is suppressed by a factor 2.25 with respect to the v-r 
channel. 

As the final states are identical to those for the direct decays via the \ij2 and Ai^s couplings, 
previously discussed, no additional selection was developed for this coupling. 

5.4 Indirect Decay via A122 

Depending on the neutralino decay, the indirect decay via the A122 coupling can produce two 
distinct final states of equal probability, either two muons and an electron plus neutrinos or 
three muons plus neutrinos. 

For the selection (Table A3), three charged tracks are required of which at least two must 
be identified as muons. Cuts requiring a large transverse momentum in the event and a large 
missing momentum not pointing along the beam axis are used. Figure || shows the distrbution 
of the missing Pt at the preselection level. For the case of three identified muons, a cut removing 
combinations consistent with the Z mass, is used to reject the ZZ background. For the case of 
two identified muons an additional cut requiring the polar angle of the non-muon track (^^t) to 
be away from the beam axis is applied. 

The efficiency of the selection for the signal varies between 40% and 50% and is insensitive 
to the mass of the neutralino involved in the decay. No event is selected in the data, consistent 
with the Standard Model background expectation of 2.1 events. 

5.5 Indirect Decay via A132 

Depending on the neutralino decay, the indirect decay via the A132 coupling can produce two 
distinct final states of equal probability, either two muons and an electron plus neutrinos or 
two muons and a tau plus neutrinos. 

For the selection (Table A4) only the one-prong decays of the tau are considered. Three 
charged tracks are therefore required, of which at least one must be identified as a muon. Only 
one identified electron is allowed in the event. Cuts requiring a large transverse momentum 
and a large missing energy whose direction is away from the beam axis are also applied. A cut 
on the acoplanarity of two jets is also used. 

The efficiency of the selection for the signal is 30%-40% depending on the sneutrino mass 
and is insensitive to the mass of the neutralino involved in the decay. Three events are selected 
in the data, consistent with the Standard Model background expectation of 2.2 events. 
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5.6 Indirect Decay via A123 

Depending on the neutralino decay, the indirect decay via the A123 couphng can produce two 
distinct final states of equal probability, either two taus with an electron or two taus with a 
muon. 

The complete list of selection criteria can be found in Table A5. A total of three or five 
charged particles is required in the event, corresponding to the case where the two taus decay 
into 1/1 prong or 1/3 prongs. Due to the presence of neutrinos in each of the sneutrino, 
neutralino and tau decays, this channel is characterised by a small visible energy and large 
transverse momentum. 

Cuts on the acoplanarity angle (acopJet) between the two jets, the transverse momentum 
(-PT{maxEjet)) of the most euergetic jet , and the angle 6'jetj,jet2 between the two jets are effective 
at reducing the backgrounds from 77 r^r^ and Z t^t~ . Figure |^ shows the distribution 
of acopJet at the preselection level. Finally a cut on ?/23; the Durham distance for the transition 
from two to three jets, is applied to reject 77 and e"^e~ 

The efficiency of this selection for the signal rises from 25% for a sneutrino mass of 60 GeV/ 
to 40% for a sneutrino mass of 180 GeV/c^. The dependence of the efficiency on the neutralino 
mass is small. A total of 14 events is selected in the data, consistent with the 14.9 events 
expected from the Standard Model backgrounds. 

5.7 Indirect Decay via A133 

Depending on the neutralino decay, the indirect decay via the A133 coupling can produce two 
distinct final states of equal probability, either two taus and an electron plus neutrinos or three 
taus plus neutrinos. These events are therefore characterised by a large number of taus in the 
final state. 

The selection is summarised in Table A6. Three or five charged tracks are demanded, 
implying that the 1/1 and 1/3 prong decays of the two taus are considered in the two-tau 
final state (97.5% of the cases), and the 1/1/1 and 1/1/3 prong decays are considered for the 
three-tau final state (93.5% of the cases). Up to two identified electrons or muons are allowed 
in the event. Due to the presence of neutrinos, cuts requiring a large transverse momentum 
and a large missing momentum not pointing along the beam axis are applied. A cut on the 
acoplanarity of the event is also used. For the case of three charged tracks the backgrounds are 
larger than the five-track case, necessitating tighter cuts. 

The efficiency of the selection for the signal is 20%-35%, depending on the sneutrino mass 
and is insensitive to the mass of the neutralino involved in the decay. A total of 16 events 
is selected in the data, consistent with the Standard Model background expectation of 16.6 
events. 

5.8 Indirect Decay via A231 

The production and indirect decay of sneutrinos via the A231 coupling lead to different final 
states depending on whether a z/^ or a is produced and on the subsequent decay of the 
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Table 3: The selection efficiency, the numbers of expected background and the numbers of observed events for each 
selection (any sliding cuts removed) summed over all centre-of-mass energies. 



Selection 


Efficiency (%) 


Expected Background 


Observed Data 


lj2 direct 


25 - 


55 


46.7 


38 


lj3 direct 


15 - 


^ 35 


17.1 


13 


123 indirect 


25 - 


-> 40 


14.9 


14 


122 indirect 


40 - 


50 


2.1 





132 indirect 


30 - 


40 


2.2 


3 


231 indirect 


25 - 


45 


10.1 


9 


133 indirect 


20 - 


35 


16.6 


16 



neutralino. Taking into account the different production cross sections of the two sneutrino 
flavours, the relative probabilities of each flnal state are 15.4% rre, 34.6% r/ie and 50% /x/ie. 

The selection (Table A7) treats the flnal states globally and only considers the one-prong 
decays of the tau. The simultaneous presence of an electron and a muon (~ 85% of the cases) 
in the event, associated with a large amount of missing energy and acoplanarity, allows most 
of the backgrounds to be rejected. 

The efficiency of the selection varies between 25% and 45%, depending on the sneutrino 
mass, and is insensitive to the neutralino mass involved in the decay. A total of nine events is 
selected in the data, while 10.1 are predicted from Standard Model backgrounds. 

6 Results and Upper Limits on the A Couplings 

The numbers of observed and expected events, obtained after applying the various selections 
(except the sliding cuts), are summarised in Table ^. The observed numbers are in good 
agreement with the Standard Model expectations, indicating no evidence for single sneutrino 
production. Upper limits on the values of the various LLE couplings are therefore derived. 

In the calculation of the limits, background subtraction was performed for the two- and four- 
fermion flnal states. The uncertainties on the background estimates were taken into account by 
reducing the amount of background subtracted. For the two-fermion processes, the amount of 
background subtracted was reduced by its Monte Carlo statistical uncertainty. The backgrounds 
subtracted for the four-fermion processes were reduced by 20% of their estimate. The 77 ff 
background was not subtracted. 

The systematic uncertainties on the selection efficiencies are 4-5%, dominated by the signal 
Monte Carlo statistical uncertainty, with small additional contributions from the simulation of 
lepton identiflcation and energy flow reconstruction. These uncertainties were conservatively 
taken into account by reducing the selection efficiencies by one standard deviation. 

Possible differences between the data and the simulation in the distribution of the E12 
variable, due to the presence of beam-related backgrounds in the data, were investigated using 
events triggered at random beam crossing. The difference between data and Monte Carlo in 
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Table 4: The 95% CL upper limits obtained on the various A couplings assuming a sneutrino mass of 100 GeV/c^. 
The last column shows the corresponding low energy bounds . In parentheses are indicated the sneutrino mass up to 
which these analyses improve upon the low energy bounds. 



A Coupling 


Direct Decay 


95% CL Upper Limit 
Indirect Decay 


Low Energy Bound 


122 
123 
132 


0.014 (189GeV/c2) 
0.028 (174GeV/c2) 
0.014 (191 GeV/c2) 


0.007 (190GeV/c2) 
0.025 (147GeV/c2) 
0.012 (187GeV/c2) 


0.04 
0.04 
0.05 


133 


0.028 ( - ) 


0.029 ( - ) 


0.003 


231 


0.014 (191 GeV/c2) 


0.016 (189GeV/c2) 


0.05 



the fraction of energy deposits in the forward detectors, when this energy is less than 20 GeV, 
was found to be less than 5 per mill. 

The Zee background, with Z fJ'^fJ'^, proceeds via a similar production mechanism and 
has the same final state as a sneutrino with a mass equal to the Z decaying directly through 
a Aij2 coupling, except that the electron in the sneutrino decay is replaced by a muon. As 
a check of the analysis procedure, the Xij2 selection was therefore modified to select the Zee 
background. Figure |^ shows the /x^/i~ mass spectrum after applying the modified selection. A 
clear peak around the Z mass is observed, consistent with expectations from the Zee and the 
two-fermion /i/i simulations. 

As the cross section for sneutrino production is a function of A and the sneutrino mass, the 
corresponding 95% confidence level exclusions are presented in the A versus Mj> plane in Figs. [10 



to |TJ. Also indicated on these figures are the exclusions obtained by the ALEPH search for 
pair production of sneutrinos decaying via a LLE coupling and the low energy bounds [|T^]. 

Table § compares the 95% CL upper limits obtained on the couplings (direct and indirect 
decays), for an assumed sneutrino mass of lOOGeV/c^, with the low energy bounds. Except 
for the Ai33 coupling, which already has a stringent upper limit from the mass constraint, 
significantly improved upper limits are obtained on the other couplings for sneutrino masses 
up to ~ 190 GeV/c2. 



7 Summary 

A number of searches sensitive to i?-parity violating production and decay of single sneutrinos 
have been presented. These searches find no evidence for i?-parity violated supersymmetry 
in the ALEPH data collected at a/s = 189 to 209 GeV. Within the framework of the MSSM, 
assuming that a single A coupling dominates and that the sneutrinos are degenerate in mass, 
limits on the various A couplings as a function of the assumed sneutrino mass have been derived. 
These searches improve by up to a factor five upon the existing 95% CL upper limits on four of 
the A couplings for sneutrino masses up to 190GeV/c^, and are valid independent of whether 
the sneutrino decays directly or via the lightest neutralino. This paper is the first publication 
of such an analysis at LEP. 
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Appendix 

Table Al: Selection cuts for direct sneutrino decays via the A122 and A132 couplings. 



-E^vis/ 


sfs > 50% 






A^ch = 3 


Pt < 8.5 GeV/c 


Pt < lOGeV/c 


cos 6*6 < 0.8 


1 cos 6*6 < 0.9 


= 1, opp. charge to e 


A^^ = 1 or 2 


Icos^e^l < 0.99 


cos^^t < 0.9 


|Af,,t-A^z| >4GeV/c2 


sliding mass cut: \Mf.=n\ - 


< (.14/20 - 0.6) GeV/c^ 



Table A2: Selection cuts for direct sneutrino decays via the A123 and A133 couplings. 





Ach = 3 or 5, 




< ATe < 3, A^^ < 2 




Pt > 6 GeV/c 




25% < ^vis/v^ < 90% 




COs6'niiss < 0.98 




^emax > 20 GcV 




|cOs6'emax| < 0.9 


2 


r's with opposite charge 




1/1 or 1/3 prongs 




cos6'T-ir2 < 0.95 




-PT(maxEjet) > 5 GcV/c 




C0s6lemax±/T± > 0.9 




sliding cuts: 




) < 1 COs6'emax±/rT| < f'{M;^) 





Table A3: Selection cuts for indirect sneutrino decays via the A122 coupling. 



A^ch = 3 


A^;. = 3 


A^^ = 2 


Pt > 4 GcV/c 


Pt > 6 GcV/c 


Pvis/v^ < 80% 


^vis/\/i < 70% 


COS^^miss < 0.95 


COS^miss < 0.98 


|M^^-Mz| >4GeV/c2 


Icos^tl < 0.98 
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Table A4: Selection cuts for indirect sneutrino decays via the A132 coupling. 



A^ch = 3 

N,<2,N^>1 
Pt > 5 GeV/c 
^vis/v^ < 80% 

COs6'miss| < 0.95 

acopJet< 170° 



Table A5: Selection cuts for indirect sneutrino decays via the A123 coupling. 



A^ch = 3 or 5 

N, + N^<4: 

Pt > 7GeV/c 
10% < Svis/Vi < 60% 

I C0s6'miss| < 0.9 

acopJet< 170° 

PT(maxEjet) > 5 GeV/c^ 

1/23 > 2.5 10-^ 

I COS 6'jetl,jet2 I < 0.95 



Table A6: Selection cuts for indirect sneutrino decays via the A133 coupling. 



Nch = 3 or 5 


N, + N^<3 


1 cos ^miss 


< 0.95 


acopJet< 160° 


A^ch = 3 


A^ch = 5 


Pt > 10 GcV/c 


Pt > 7GeV/c 


^vis/v^ < 50% 


Eyis/Vs < 60% 


COs6'jet-jet < 0.9 





Table A7: Selection cuts for indirect sneutrino decays via the A231 coupling. 



A^ch = 3 
A^e > 0, A^^ > 
Pt > 7GeV/c 
Pvis/v^ < 75% 
cos^missl < 0.94 
acopJet< 170° 
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M,, (GeV/c^) 

Figure 4: The fi~^fi~ invariant mass distribution, obtained after applying the preselection, for 
^/s = 189-209 GeV: data (dots with error bars), expected background (solid histogram). The 
expected distribution (arbitrary normalisation) for a signal of = 90 GeV/c^ is also indicated 
(dotted histogram). 




180 

(GeV/c") 

Figure 5: The e"*"/!" invariant mass distribution, obtained after applying the Xij2 selection, 
for y/s = 189-209 GeV: data (dots with error bars), expected background (solid histogram). 
The expected distribution (A = 0.03) for a signal of M^, = 60GeV/c^ (dotted histogram) and 
Mi> = 180 GeV/c^ are also indicated (dashed histogram). 
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-1 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1 

^*^^®e-jet (*^PP- charge) 

Figure 6: The distribution, at preselection level, of the angle between the most energetic 
electron and the opposite-sign tau jet, used in the Ays selection, for ^/i = 189-209 GeV: data 
(dots with error bars), expected background (solid histogram). The expected distribution 
(arbitrary normalisation) for a signal of = 60GeV/c^ (dotted histogram) and = 
160GeV/c^ are also indicated (dashed histogram). 



10 



irj 10 



2 photon 
2 fermion 
4 fermion 
Data 



ALEPH 




120 140 160 180 

acopjet (Deg) 

Figure 7: The distribution of the acoplanarity between two jets, at the preselection level, 
for ^/s = 189-209 GeV: data (dots with error bars), expected background (solid histogram). 
The expected distribution (arbitrary normalisation) for a signal of Mj> = 140GeV/c^ and 
= lOOGeV/c^ (dashed histogram) is also indicated. 



16 




(GeV/c) 

Figure 8: The distribution of the missing transverse momentum, at preselection level, for ^/s = 
189-209 GeV: data (dots with error bars), expected background (sohd histogram). The expected 
distribution for a signal (arbitrary normalisation) with M/> = 180GeV/c^ and = 30GeV/c^ 
is also indicated (dashed histogram). 



^20 

5:18 
b 10 

G 



ALEPH 



2 photon 
2 fermion 
Zee 
ZZ 
Data 




M^^ (GeV/cO 

Figure 9: The invariant mass distribution, obtained using a modified Xij2 selection, for 

■^/s = 189-209 GeV: data (dots with error bars), expected background (solid histogram). 
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— Direct decay 
ALEPH Indirect decay 
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M(v) (GeV/c^) 

Figure 10: Observed 95% CL upper limits on the A122 coupling for the direct and indirect 
decays. The exclusions from the low energy bounds and the pair production search are 
indicated. 
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— Direct decay 
2 ALEPH Indirect decay 
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M(v) (GeV/c^) 

Figure 11: Observed 95% CL upper limits on the A123 coupling for the direct and indirect 
decays. The exclusions from the low energy bounds and the pair production search are 
indicated. 
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— Direct decay 
ALEPH Indirect decay 
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M(v) (GeV/c^) 

Figure 12: Observed 95% CL upper limits on the A132 coupling for the direct and indirect 
decays. The exculsions from the low energy bounds and the pair production search are 
indicated. 
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— Direct decay 

ALEPH Indirect decay 
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Figure 13: Observed 95% CL upper limits on the A231 coupling for the direct (Aij2 analysis 
used) and indirect decays. The exclusions from the low energy bounds and the pair production 
search are indicated. 
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Figure 14: Observed 95% CL upper limits on the A133 coupling for the direct and indirect 
decays. The exclusion from the pair production search is indicated. 
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